1. Introduction {#sec1}
===============

Increasing attention is pained on the prins condensation of olefins and aldehydes to prepare unsaturated alcohols, glycols, acetals and isoprene. Especially the isoprene, is considered to be a substantial monomer to manufacture substitutes for natural rubbers, and also utilized for the production of paint resins, adhesives, motor oil viscosity improvers, etc \[[@bib1], [@bib2]\]. As of today, the vapour-phase one-stage mechanism, involving the use of solid catalyst, appears to be quite an appealing approach owing to its straightforward as well as ecological process \[[@bib3], [@bib4]\]. Therefore, searching for a suitable solid catalyst is an important issue in this area.

Until today, the mostly solid catalysts used for the condensation of isobutene and formaldehyde include oxides, sulphates, phosphates, zeolites, and heteropoly acids. Dang et al. \[[@bib5], [@bib6]\], used CuSO~4~-MO~x~/SiO~2~ and Sb~x~O~y~/SiO~2~ as the catalysts for the condensation of isobutylene and formaldehyde, and revealed that the synergetic effect between acidic sites and basic sites was the key factor for isoprene generation. Krzywicki et al. [@bib3] used H~3~PO~4~/Al~2~O~3~ with different contents of phosphoric acid as catalyst for isobutene condensation using formaldehyde and emphasized the strong acidic sites accelerated the formation of isoprene. Notably, varied of phosphate catalysts provide improved findings for the study of condensation. Ivanova et al. [@bib7] worked out that the Brønsted acid sites are the active sites for the formation of isoprene. And the prevalence of water in the reaction is likely to perform a major function for the stability of the catalytic operation, above of stream, 57% of isoprene could be consistently generated up to 30 h. Our team [@bib8] used SiO~2~ supported silicotungstic acids as the solid catalysts for the Prins condensation of isobutylene with formaldehyde for the production of isoprene. The best catalytic ability was obtained over HSiW-5, and an adequate quantity of weak Lewis acid sites is beneficial for prins condensation was concluded. Dumitriu et al. \[[@bib9], [@bib10]\] performed the study of the catalytic yield of isobutylene with formaldehyde for forming the isoprene across a sequence of zeolites, indicating that the catalytic activity and selectivity was dependent on the strength and density of the acid sites. Hence, the prins condensation gave preference to the reasonably strong acid sites. It is worth to say that aforementioned findings are based on the measurement which was carried out in a pulse catalytic reactor, the concluded laws might be different from that attained in continuous flow systems.

This paper aims at selecting a suitable Si/Al ratio of HZSM-5 catalysts for isoprene production in continuous flow systems, together with studying the effect of the acidity of catalysts on the prins condensation. For this purpose, a series of HZSM-5 catalysts with different Si/Al ratio have been prepared and used in the prins condensation reaction of isobutene and formaldehyde to isoprene. Moreover, acidity of the catalysts has been elucidated by NH~3~-TPD and FTIR of pyridine adsorption spectroscopy.

2. Experimental {#sec2}
===============

2.1. Catalyst preparation {#sec2.1}
-------------------------

The preparation of the ZSM-5 zeolites with varied Si/Al ratios (200--800) was in accordance with the methods in the literature [@bib11]. Usually, a slow dripping of an aqueous solution of H~2~SO~4~ was conducted into a solution that contained 34.0 g Na~2~SiO~3~•9H~2~O, measured quantity of NaAlO~2~ and 3.2 g tetrapropyl ammonium bromide satisfying stirring. The pH value stands approximately 8.0. Subsequent to stirring the mix at room temperature for 5 h, the mixture gel was shifted into an autoclave, followed by crystallization at 453 K for two days. The as-synthesized zeolite was calcined at 453 K for 6 h in air to remove the template, Na-ZSM-5 was obtained. Then the type of Na-ZSM-5 was ion exchange with 5 wt% NH~4~NO~3~ solutions to obtain NH~4~ZSM-5, which was calcined 823 K for 3 h to get the HZSM-5 catalyst.

2.2. Catalyst characterization {#sec2.2}
------------------------------

Recording of the Powder X-ray diffraction (XRD) patterns was carried out with a Shimadzu Lab XRD-6000 X-ray Diffractometer using nickel-filtered Cu Kα radiation. Determination of the Si/Al ratio was performed with the use of inductively coupled plasma (ICP) on a Thermo IRIS Intrepid ⅡXSP atomic emission spectrometer that followed the dissolution of the specimens in HF solution. N~2~ was put to use as an adsorbate in an ASAP 2010 system of Micromeritics under liquid-N~2~ temperature for the purpose of measuring the samples\' areas of BET particular surface. NH~3~-TPD analysis was carried out on a self-developed tool. The measurement mechanism was carried out in accordance with the former literature reports [@bib12]. Pyridine adsorption fourier transform infrared (FTIR) spectrum was attained in accordance with the literature as well [@bib13]. Testing of the TG-DSC profiles was carried out on TG-8120 tool, in an air stream at a heating rate of 20 K min^-1^ from 306 to 1073 K.

2.3. Catalytic activity {#sec2.3}
-----------------------

The active test of catalyst was carried out in a steady flow fixed-bed reactor catering to the conditions as hereunder: in every experiment, use of 0.7 g catalyst was made, and the reaction was carried out following 100 kPa, isobutene/formaldehyde molar ratio that was 7, the reaction temperature stood at 573 K, in addition to the weight hourly space velocity (WHSV) of formaldehyde as well as isobutene being 3 g/(g h). The use of Formalin having 37 wt% of formaldehyde was made as formaldehyde source. A syringe pump was utilized to deliver liquid formalin while the supply of isobutene came from the mass flow meter. The analysis of the effluents of the reaction was carried out with the on-line gas chromatography (Shimadzu GC-14A), equipped with a flame detector and SE-54 capillary column.

3. Results and discussion {#sec3}
=========================

3.1. Structural characterization of the HZSM-5 zeolites {#sec3.1}
-------------------------------------------------------

The XRD patterns of all the HZSM-5 catalysts have been presented in [Fig. 1](#fig1){ref-type="fig"}. Distinct diffraction peaks were detected in the 2θ ranges of 7--10 as well as 20--25, which is consistent with the reports in literature, indicating that all zeolites exhibit MFI topology with high crystalline purity \[[@bib14], [@bib15], [@bib16], [@bib17]\].Fig. 1XRD patterns of HZSM-5 catalysts with different Si/Al ratio. (a) HZSM-5(200); (b) HZSM-5(400); (c) HZSM-5(600); (d) HZSM-5(800).Fig. 1

The results of the physical and chemical characterization of the samples are summarized in [Table 1](#tbl1){ref-type="table"}. The chemical compositions of the samples were measured by ICP. The measurements of surface areas and micropore volumes of these HZSM-5 catalysts were characterized with the BET methodology. All the zeolite catalysts possessed relatively high surface area falling in the range of 324--423 m^2^g^-1^, which indicated that they were of good quality.Table 1Physicochemical property of HZSM-5 catalysts with different Si/Al ratio.Table 1SampleSi/Al ratio[a](#tbl1fna){ref-type="table-fn"}Surface area[b](#tbl1fnb){ref-type="table-fn"} (m^2^g^−1^)Pore volume[c](#tbl1fnc){ref-type="table-fn"} (cm^3^g^−1^)T~peak~(K)Acid sites from NH~3~-TPD (mmolg^−1^)[d](#tbl1fnd){ref-type="table-fn"}LTHTTotalWeakStrongHZSM-5(200)1914070.264736790.520.230.29HZSM-5(400)3674230.374596710.240.110.13HZSM-5(600)5503700.224566600.170.070.10HZSM-5(800)7383240.194476560.130.060.07[^1][^2][^3][^4]

3.2. Acidity of HZSM-5 catalysts {#sec3.2}
--------------------------------

Pyridine adsorption was carried out for conducting investigation of the nature acidic sites over the surface of HZSM-5 with various Si/Al ratios. Moreover, the FTIR spectra have been presented in [Fig. 2](#fig2){ref-type="fig"}. In accordance with the published research work \[[@bib18], [@bib19], [@bib20]\], the spectra of pyridine adsorbed on several catalysts portraying bands approximately 1597 cm^−1^ and 1445 cm^−1^ are designated to pyridine coordinated to Lewis acid sites. The band at 1540 cm^−1^ is owed to a combination band that has links with Brønsted acid sites, while the band at 1480 cm^−1^ can be ascribed to Lewis and Brønsted acid sites. As evident from the [Fig. 2](#fig2){ref-type="fig"}, the key acid type was the Lewis acid site together with the coexistence of Brønsted acid. Both the Lewis acid and Brønsted acid exhibited a reduction with the increase in the ratio of Si/Al [@bib21].Fig. 2Py-IR spectra of HZSM-5 catalysts with different Si/Al ratio. (a) HZSM-5(200); (b) HZSM-5(400); (c) HZSM-5(600); (d) HZSM-5(800).Fig. 2

The acid properties of different HZSM-5 samples was also measured by temperature-programmed desorption (NH~3~-TPD). The acid sites distribution and acid amount of these catalysts are summarized in [Table 1](#tbl1){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}. A high temperature desorption peak (HT peak) observed at 656 K-679 K attributed to the desorption of NH~3~ molecule from strong acid sites. A low temperature peak (LT peak) observed at 447 K - 473 K was attributed to the desorption of NH~3~ molecule from strong acid sites. These results reveal good agreement with the reported data \[[@bib22], [@bib23], [@bib24]\]. In general, the strong acid sites could be owned to the bridging hydroxyl groups (Si--OH--Al) on the zeolite, the weak acid sites could be owned to the silanol groups or extra framework aluminum species [@bib22]. As shown in [Table 1](#tbl1){ref-type="table"}, both the two desorption peaks slightly shifts towards lower temperature, and the peak area decreases as the Si/Al ratio increased. Obviously, both the density and the strength of acid sites was affected by Si/Al ratio.Fig. 3NH~3~-TPD profiles of HZSM-5 catalysts with different Si/Al ratio. (a) HZSM-5(200); (b) HZSM-5(400); (c) HZSM-5(600); (d) HZSM-5(800).Fig. 3

3.3. Catalytic performance {#sec3.3}
--------------------------

The Prins condensation was carried out in order to produce isoprene over the HZSM-5 catalysts, the catalytic properties and product distributions has been presented in [Table 2](#tbl2){ref-type="table"}, and the key by-products received were 3-Methylbuten-1-ols, 3-Methyl-1-butanal, 3-methyl-2-butanone as well as 3,4,4-trimethylcyclohexene. The reaction network has been presented in [Fig. 4](#fig4){ref-type="fig"}. The key reaction route involves the condensation of formaldehyde with isobutene resulting into 3-methylbuten-1-ols, which can be further turned into the aimed reaction of product-isoprene with the use of dehydration. 3-Methyl-2-buten-1-ol can be translated into 3-metyl-1-butanal. Furthermore, the isoprene may be converted into 3-methyl-2-butanone through the interaction with H~2~O, or 3, 4, 4-trimethylcyclohexene through the interaction with isobutene for the purpose of producing ^7^.Table 2Catalytic performance for the vapour phase condensation of isoprene and formaldehyde over HZSM-5 catalysts.Table 2CatalystCoversion of isobutylene (%)Selectivity (%)Yield of isoprene (%)isoprene3-Methylbuten-1-ols3-Methyl-1-butanal3-Methyl-2-butanone3,4,4-Thimethyl cyclohexeneHZSM-5(200)9.878.60.11.03.32.17.7HZSM-5(400)9.283.80.11.02.51.57.7HZSM-5(600)8.890.20.10.81.40.57.9HZSM-5(800)8.689.90.20.81.30.47.7Fig. 4Reaction network.Fig. 4

As evident from the [Table 2](#tbl2){ref-type="table"}, HZSM-5(200) exhibited 9.8% of isobutene conversion, with 78.6% selectivity to isoprene. With the ratio of Si/Al increases, the selectivity for isoprene increased. However, the isobutene conversion and by-products selectivity decreased. The selectivity to isoprene reached maximum (90.2%) on HZSM-5(600). With the ratio of Si/Al further increased, the catalytic performance began to decrease slightly.

In order to further probe into the catalytic active sites of HZSM-5 catalysts, NH~3~-TPD profiles of expended HZSM-5 catalysts were accumulated ([Fig. 5](#fig5){ref-type="fig"}). Subsequent to 120 minutes of reaction, the amount of strong acid sites on HZSM-5 catalysts decreases, this result was observed obviously at HZSM-5 with low Si/Al ratio. According to the experimental result of our former research work [@bib8], the concentration and strength of acid sites could affect the catalytic properties. A proper quantity of weak Lewis acid sites was the active site for the condensation of isobutene with formaldehyde. Furthermore, the moderately strong acid sites can give birth to by-products, in addition to coke deposits. Therefore, we held the belief that the low Si/Al ratio with strong acid centres has the capacity to result to the formation of coke and by-products during the reaction, which would encompass the strong acid centres in turn. An appropriate amount of weak acid sites with suitable Si/Al ratio is propitious to isoprene formation.Fig. 5NH~3~-TPD profiles of spent HZSM-5 catalysts with different Si/Al ratio. (a) HZSM-5(200); (b) HZSM-5(400); (c) HZSM-5(600); (d) HZSM-5(800).Fig. 5

For the purpose of researching the impact of Si/Al ratio for carbon deposition on the catalysts, TG-DSC analysis of the spent HZSM-5 catalysts having varied Si/Al ratio was carried out ([Fig. 6](#fig6){ref-type="fig"}). It become evident that, following the low temperature range (i.e., \<597 K), the mass losses of two samples approximately amount to be 0.9% and 2% that match with the loss of chemically adsorbed water, possessing loose bond with the surface [@bib25]. Subjected to the temperatures above 597 K, HZSM-5(200) exhibits a mass loss of 9 percent that is ascribed to the decomposition of the cokes [@bib26]. It is noteworthy that the mass loss at high temperature was considerably lowered with the increase of Si/Al ratio. These findings further confirmed that the carbon deposition is easily formed on the ZSM-5 zeolite with low Si/Al ratio, and a high Si/Al ratio can be an indication of the carbon deposition formation.Fig. 6TG-DSC profiles of spent HZSM-5(200) and HZSM-5(600) catalysts.Fig. 6

4. Conclusions {#sec4}
==============

A series of HZSM-5 zeolites with the Si/Al ratios falling in the ranges from 200 to 800 was studied for the prins condensation of isobutylene and formaldehyde to isoprene. The Si/Al ratio of the HZSM-5 zeolites exerted a substantial impact on the structure and the acidity of the HZSM-5 zeolite, further the catalytic performance in the isoprene production. The acid density and the acid strength decreased with the increasing of Si/Al ratio. HZSM-5 (600) is discovered to be the optimized catalyst owing to the appropriate acid density and acid strength of the catalyst. The catalysts with low Si/Al ratio have strong acid sites, leading to the coke deposits and the side reactions happen.
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[^1]: Molar ratio determined by ICP.

[^2]: BET method.

[^3]: Volume adsorbed at p/p^0^ = 0.99.

[^4]: Calculated with Gaussian function fit.
